Adding biochar to soils and maintaining high earthworm biomasses are potential ways to increase the fertility of tropical soils and the sustainability of crop production in the spirit of agroecology and ecological engineering. However, a thorough functional assessment of biochar effect on plant growth and resource allocations is so far missing. Moreover, earthworms and biochar increase mineral nutrient availability through an increase in mineralization and nutrient retention respectively and are likely to interact through various other mechanisms. They could thus increase plant growth synergistically. This hypothesis was tested for rice in a greenhouse experiment. Besides, the relative effects of biochar and earthworms were compared in three different soil treatments (a nutrient rich soil, a nutrient poor soil, a nutrient poor soil supplemented with fertilization). Biochar and earthworm effects on rice growth and resource allocation highly depended on soil type and were generally additive (no synergy). In the rich soil, there were both clear positive biochar and earthworm effects, while there were generally only positive earthworm effects in the poor soil, and neither earthworm nor biochar effect in the poor soil with fertilization. The analysis of earthworm and biochar effects on different plant traits and soil mineral nitrogen content, confirmed that they act through an increase in nutrient availability. However it also suggested that another mechanism, such as the release in the soil of molecules recognized as phytohormones by plants, is also involved in earthworm action. This mechanism could for example help explaining how earthworms increase rice resource allocation to roots and influence the allocation to grains.
Introduction
Managing soil fauna (especially earthworms and biochar applications (Lehmann et al., 2003c; Glaser, 2007) are often proposed as appealing ways to increase the fertility of tropical soils in a sustainable way. Indeed, tropical soils are often poor in organic matter (Tiessen et al., 1994) and tend to have low cation exchange capacitites (Glaser, 2007) and both earthworms and biochar influence soil organic matter dynamics, the release of mineral nutriments and their retention. While studying the effect of biochar on plant growth is a fairly new field of researches Steiner et al., 2008; Blackwell et al., 2009) , effects of earthworms on plant growth is an old field. Nevertheless, this issue has mostly been addressed in terms of biomass accumulation and more seldomly in term of resource allocation (Scheu, 2003; Laossi et al., 2009 ). Our study aims at meeting this need and particularly at determining the effect of biochar and earthworms on plant resource allocation and at infering the underlying mechanisms. Moreover, comparing biochar and earthworm effects that influence soil properties and plant growth partially (and only partially) through the same mechanisms, should throw new lights on this broad subject.
The application of biochar, i.e. incompletely combusted organic matter, (Glaser et al., 2002; Lehmann et al., 2003c ) is historically not a new practice. It has re-emerged after the study of the Terra Preta do Indio, which are highly fertile soils (Lehmann et al., 2003c) . These soils were created by Amerindian populations in pre-Columbian times (Glaser et al., 2002) . Apart from high SOM contents, the most striking feature of Terra Preta, is their high nutrient content (Glaser, 2007) . This suggests that creating modern Terra Preta could be a way to increase tropical soil fertility and to maintain higher soil carbon stocks, thus mitigating the current rise in atmospheric CO 2 (Marris, 2006) . Biochar can enhance long-term soil fertility through several mechanisms. The polycyclic aromatic structure of biochar makes it chemically and biologically stable, allowing it to persist in the environment for centuries (DeLuca et al., 2006) . Besides this remarkable chemical structure, biochar has a porous physical structure which leads to very large surface area . This increases the soil cation exchange capacity as well as its capacity to retain dissolved organic matter . Moreover, biochar modifies the community of soil microorganisms as well as their activity, probably because it provides a suitable habitat for them (Pietikäinen and Fritze, 2000) . This is likely to improve directly and indirectly plant growth (Reynolds et al., 2003; Marris, 2006) .
Maintaining high biomasses of earthworms would be another sustainable way to increase tropical soil fertility . Two reviews about the effect of earthworms on plant growth (Brown et al., 1999; Scheu, 2003) showed that plant shoot biomass is higher in the presence of earthworms (70e80% of the reviewed experiments). Five mechanisms have been shown to be involved in these positive effects (Brown et al., 2004a) : (1) increased mineralization of soil organic matter therefore increasing nutrient availability; (2) production of plant growth substances via the stimulation of microbial activity; (3) biocontrol of pests and parasites; (4) stimulation of symbionts and (5) modification of soil porosity and aggregation which induces changes in water and oxygen availability to plants.
Manipulating earthworms and soil content in biochar are two ways to manipulate soil fertility in the spirit of agroecology and ecological engineering. Indeed, in the two cases, soil physicochemical and biotic characteristics are modified interactively through ecological processes, which could allow a more parsimonious use of industrially produced fertilizers. Biochar and earthworms influence plant growth through mechanisms that are partially the same: they both change soil structure and soil microbial community (Pietikäinen and Fritze, 2000; Brown et al., 2004a) and influence nutrient cycling. While, earthworms increase organic matter mineralization on the short term (Scheu, 2003; Brown et al., 2004a) , biochar increases the retention of mineral nutrients which decreases lixiviation and is likely to increase nutrient availability on the long term . Finally, biochar and earthworms have been shown to directly interact: earthworms ingest biochar particles and reject them in their casts, which is likely to influence biochar distribution in the soil profile (Topoliantz and Ponge, 2003; Topoliantz et al., 2005 , Van Zwieten et al., 2009 . Therefore, we hypothesize that earthworms and biochar interact in the ways they influence plant growth. To test this hypothesis and to compare the respective effect of earthworms and biochar we investigated, in a greenhouse microcosm experiment, the effects of earthworms (Pontoscolex corethrurus) and biochar on rice growth (Oryza sativa).
It has already been shown that earthworm effects on plant growth change with soil type (Doube et al., 1997; Wurst and Jones, 2003; Brown et al., 2004a; Laossi et al., 2010) but the effect of biochar on plant growth across different soil types has never been directly studied. Therefore, in the present work, each treatment (eathworm and biochar) was implemented in three different soil treatments: two unfertilized soils of contrasted fertility, and the lower-fertility soil supplemented with mineral fertilizer. Assessing the responsiveness of crops to biochar and earthworms in different soils and according to agricultural practices is indeed required to determine where and when using biochar and earthworms improves crop sustainability. This should also help infering the underlying mechanisms (Blouin et al., 2006; Laossi et al., 2010) .
Finally, the effect of earthworms and biochar on total plant biomass production has been studied much more than their effects on plant resource allocation. We thus also analyzed the way earthworms and biochar influence the allocation to seeds, roots and shoots, root system architecture and allocation of nitrogen. This is for example useful to determine whether earthworms and biochar increase crop yield (here, the total grain biomass) or only increase the accumulation of vegetative biomasses. This should also give insights on the mechanisms through which earthworms and biochar influence plants. Altogether, the following questions were specifically addressed: (1) What is the relative impact of biochar and earthworms on rice growth? (2) Do soil types and tretaments cause changes in rice responsiveness to earthworm and biochar? (3) Do earthworms and biochar interact in the way they influence rice growth? (4) In which way earthworms and biochar modify resource allocation in rice plants?
Materials and methods

Experimental design
The experiment was conducted at CIAT (Centro Internacional de Agricultura Tropical) greenhouses in Cali, Colombia. Plants were submitted to the four possible combinations of two factors, each one determined by the presence/absence respectively of earthworms and biochar. All the following treatments combinations were implemented in three soils treatments (see below): biochar x earthworms (BE), biochar (B), earthworms (E) and control (C) and five replicates were implemented for each treatment combination, resulting in 60 microcosms. Rice was grown in greenhouses for three months under controlled conditions: relative humidity ¼ 65e95%, temperature ¼ 27e29 C, light intensity ¼ 600 mmol m À2 s À1 and a 12 h photoperiod.
Microcosms
Containers (microcosms) consisted of PVC pots (diameter 10 cm and 15 cm height). They were filled with 900 g of sieved (2 mm) dry soil. Drains at the bottom of pots were covered with 1 mm plastic mesh to prevent earthworms from escaping. Soil was maintained at 80% soil field capacity (checked through regular weighing of the pots).
Microcosms were arranged in a completely randomized design. The soil was collected in July 2006, during the rainy season, from two long-term field experiments that aimed at comparing plant production in plots with and without the addition of biochar: (1) an experiment on coffee that was established in 2004, in the Andean hillsides of the Cauca Department, south-western Colombia (Pescador, 2 48 0 N 76 33 0 W), (2) an experiment on grass and corn production that was established in 2002 (Matazul, 4 19 0 N, 72 39 0 W in the Colombian Eastern Plains, Llanos). Soil was collected in the control treatments of these experiments for our microcosm treatments without biochar, and from their biochar treatments for our microcosm treatments with biochar. The rate of biochar application was respectively 25.5 and 45.5 g of biochar per dry kg of soil for "Pescador" and "Matazul" in the 0e10 layer. Since we collected the soil from the same layer, these rates also correspond to the rates of biochar application in our microcosms. In the two cases, biochar was ground mechanically to pass through a 5 mm mesh. For Pescador, biochar was produced from logs of Eucalyptus deglupta: temperature was maintained at 350 C and the oxygen level at 15%, the charring time was one hour (Rondon et al. 2007 ). This led to the following characteristics for Pescador: total C, 82.4%; total N 0.57%; P, 580 mg g À1 ; CEC, 46.9 mmol kg
À1
. For Matazul, the biochar we used is commonly sold for cooking (Major, 2009a The Matazul soil is a clayeloam oxisol which has developed from alluvial sediments (Rippstein et al., 2001 (Gijsman et al., 1997) . The bulk density in the native savanna is 1.30 g cm À3 (Trujillo et al., 1998) . A last soil treatment (P þ F) was implemented in our experiment. It consists in the soil of the grassland oxisol to which fertilizer was added in our microcosms. The P þ F treatment received three times a NPK treatment (20, 20 and 40 kg ha-1, respectively for P, K and N) on day 20, 30 and 45. N was provided as urea, P as acidified rock phosphate and K as KCl. We use the terms "poor soil" and "rich soil" to facilitate the comprehension of our article. However, the two soils are very different and differ by many other characteristics than their content in organic matter and mineral nutrients. These characteristics are also likely to influence the effects of biochar and earthworms on plant growth (see the Discussion).
For each microcosm, five adults (initial total fresh weight 4.0 (AE0.5 g) of P. corethrurus (Annelida: Oligocheata: Glossoscolecidae), were introduced. Earthworms were collected at the Pescador site (Cauca, Colombia). This species is not present in Matazul but is very widespread in the humid tropics and is able to colonize many different types of habitat, which is the main reason for the choice of this species. Individuals for Matazul soil microcosms were aclimated in this soil during one week. Two days after introducing earthworms, 5 rice seeds (O. sativa cv. Linea 30, Chatel et al., 2003) were sown. After 2 weeks, only one seedling was kept in each microcosm and these were regularly weeded during the experiment (other seedlings were removed).
Measurements
After ten weeks, plants were harvested and separated into grains, leaves, and stems. Roots were collected by wet sieving. Fresh root systems were scanned and analysed using a digital image analysing system (WinRHIZO, version 2003b, Regent Instrument, Quebec, Canada) . Each plant part was dried in an electric oven at 60 C for 2 days and weighted. This material was then cut in small pieces (leaves and roots) and random subsamples were randomly selected to measure total carbon, total nitrogen and C/N with a Thermo Finnigan Elementary Analyser Flash EA1112. The plant variables considered were: total biomass, shoot biomass, root biomass, total grain biomass, total root length, mean root diameter, shoot root ratio, root ramification, mean grain weight, grain number, grain C/N, root C/N, leaf C/N and total N content in rice. Besides, at harvest time, a soil sample was collected for chemical analyses. Nitrate and ammonium were quantified colorimetrically using a segmented flow analyzer (Skalar Autoanalyzer, Skalar, The Netherlands).
Statistical analysis
ANOVAs were implemented using the SAS GLM procedure (sum of squares type III, SS3) (SAS, 1990) . Residual normality and homocedasticity were verified using Kolmogrov-Smirnov and Bartlett tests. A full model was first used to test all possible factors: Biochar (B), earthworms (E) and soil (S) and all, two-fold and three-fold, interactions between these factors. Since significant interactions between biochar and soil and earthworms and soil were detected, data were reanalysed separately for each soil (Tables 1e4). This allowed displaying complicated results in a more pedagogic way. To determine the direction of significant effects, we used multiple comparison tests based of least square means (hereafter LS means, LS means SAS statement), taking into account the Bonferroni correction.
Results
For all ANOVAs the R 2 values are very high, i.e. above 0.70 in most cases, and above 0.90 in many cases (see Tables 1e4 ). This shows that a high percentage of the measurment variability is explained by the treatments. The percentages of variation given below are relative to the control treatment and all correspond to significant LS means comparisons.
Soil content in nitrate and ammonium
Biochar and earthworms tend to increase both the nitrate and the ammonium contents of the soil in the three soil treatments (Table 1 , Fig. 1 ). However, in the R soil, earthworms increase soil mineral nitrogen content (þ92% for nitrate and þ80% for ammonium) more than biochar (þ44% for nitrate and þ12% for ammonium). Conversely, biochar does not affect soil nitrate content in the P þ F soil treatment. Biochar and earthworm effects are most of the time additive, but there are also some exceptions. For example, in the P soil, both biochar and earthworms increase soil content in nitrate and ammonium, but the combination of the two does not increase further this content. Conversely, in the fertilization treatment, soil ammonium content decreases with earthworms (À7%), increases with biochar (þ14%), and increases more in the presence of both biochar and earthworms (þ40%).
Total biomasses and allocation to reproduction and roots
The shoot and total biomasses are higher in the R and P þ F soils than in the P soil (Fig. 2 ). Root and total grain biomasses are comparable in the two P soil treatments and higher in the R soil. There is a significant effect of E and B in most cases. The interaction between E and B is only significant for the root, grain and total biomasses in the P soil and for the root biomass in the P þ F soil. There is no significant effect on the shoot/root ratio in the P soil and on the total and shoot biomasses in the P þ F soil ( Table 2) .
The total and shoot biomasses follow the same pattern. In the R soil, the effects of E and B are both significant but the effect of B (þ147 and þ166%) is stronger than the effect of E (þ82 and þ98% respectively). The two effects are additive (no interaction). In the P þ F soil, there is no significant effect on the total and shoot biomasses. In the P soil, the clearer effect on the total and shot biomasses is a positive E effect (þ167 and þ200% respectively). It must be highlighted that the combination of E and B allows reaching the same total biomasses as the ones obtained in the P þ F soil.
The root biomass follows a different pattern than the shoot and total biomasses. In the three soils, the stronger effect is a positive E effect (Fig. 2 ). In the P þ F soil the pattern is more complicated due to a significant interaction between B and E.
The total grain biomass follows another original pattern. In the R soil there are positive E (þ92%) and B (þ294%) effects. In the P soil there is an interaction between E and B leading to a þ800% increase in total grain biomass in the E and B treatment. In the P þ F soil there is only a negative E effect on the total grain biomass (À21%).
Allocation of resources within the aerial and root systems
All variables but root ramification are influenced by the soil treatment (Fig. 3) . In general, variables take higher values in the P þ F soil. Differences between the R and P soils tend to be less clear. However, the mean grain weight and the grain number are higher in the R than in the P soil. Besides, the mean grain weight is comparable in the P and P þ F soils but higher in the R soil.
The total root length and the mean root diameter follow roughly the same pattern ( Fig. 3 and Table 3 , LS means comparisons). In all soil treatments, the E and B treatments tend to lead to root systems with higher total root length and root diameter. The effect of B and the interaction between E and B determine the ranking between the four treatment combinations. Although B effect and this interaction are significant in the R and P soils but not in the P þ F soils, LS means comparisons show that in the three soil treatments the combination of earthworms and biochar tend to lead to higher total root lengths and root diameters than other treatment combinations. The number of ramifications per unit of root length (root ramification) presents a higher variability within treatments than other root related variables (Fig. 3) . However, for the R, P and P þ F soils, E has a positive effect (þ22%, þ34% and 32% respectively) on root ramification, while B has a negative effect only in the R soil (À24%, Fig. 3 ).
The shoot/root ratio follows a different pattern from the root biomass. In particular, the E and B effects are different in the three soils. In the R soil there is only a positive effect of B (þ220%) on the shoot/root ratio, i.e. decrease in the proportion of resources allocated to roots. In the P soil there is no significant effect of the treatments. In the P þ F soil there is a positive B effect (þ20%) and a negative E effect (À45%) on the shoot/root ratio (which leads to a complex ranking of treatments as described by LS mean comparisons, Table 3 ).
Grain production and grain filling were very limited in the P soil. This leads to small and very variable values for the mean grain weight and the grain number (Fig. 3 ). There is no significant effect on the mean grain weight in the R soil (Table 3) . However, in this soil, there are significant positive E (þ55%) and B (þ232%) effects on the grain number. In the P soil, there is no significant effect on the mean grain biomass, but positive E (þ150%) and B effects (þ250%) on the grain number. Finally, in the P þ F soil there is a negative E effect on the mean grain weight and no significant effect on the grain number.
3.4. C/N ratios and total nitrogen content C/N ratios do not markedly differ between soil types. However, the total nitrogen content is higher in R and P þ F soils than in the P soil (Fig. 4) . Earthworms tend to decrease the grain, root and leaf C/N ratios in the three soils (Fig. 4, Table 4 ). This effect is significant for the root (À9%) and leaf C/N (À40%) in the R soil; for the leaf C/N, in the P soil (À32%); for the grain, root and leaf C/N (À18%, À15% and À47% respectively) in the P þ F soil. Additionally, in the R soil, biochar increases the grain, root and leaf C/N, (þ22%, þ109% and þ45% respectively). The only significant interaction between earthworms and biochar is for the grain C/N in the P þ F soil.
Treatment effects on the total nitrogen content highly depend on the soil treatment (Table 4 ). In the R soil, biochar (three-fold increase) and earthworms (þ30%) increase the total nitrogen content. There is no significant effect in the P soil. Earthworms decrease the total nitrogen content in the P þ F soil treatment (À20%). There is no significant interaction between earthworm and biochar for the total nitrogen content. EB > E > B > C EB > E > B > C EB,B,E > C EB,B,E > C EB, E > B, C EB > B,E,C 
Discussion
In our study, there are more significant effects of earthworms than significant effects of biochar on rice growth and related traits (first question in the introduction). However this is due to the fact that earthworms and biochar effects depend on the soil type (second question). While there are many significant effects of earthworms and biochar in the R soil, there are mostly significant earthworm effects in the P soil. In the same vein, the fertilization of the P soil tends to decrease the amplitude of earthworms and biochar effects. However, in this fertilization treatment, there are significant earthworm effects on some plant traits and significant biochar effects on other traits. Contrary to our expectation few significant effects of the interactions between earthworms and biochar were found (third question). The different plant traits present different patterns of responsiveness to earthworms and biochar. For example; traits describing the root system, the C/N of the different plant parts and the total biomasses responded differently to earthworms and biochar. Moreover, we have shown that the shoot/root ratio was directly impacted by earthworms and biochar. These results show that earthworms and biochar affect the resource allocation of rice plants (forth question). Linking results on different plant traits, we interpret below our detailed results and infer from them informations on the underlying mechanisms.
Effects on soil mineral nitrogen
The fertilization treatment involved the addition of urea. This led to a clear increase (about five fold) in both nitrate and ammoium soil concentration. This shows that urea quickly mineralized. Earthworms increased the availability of nitrate and ammonium in the three soil treatments as usually found in earthworm experiments (Lavelle and Spain, 2001; Bhattacharya and Chattopadhyay, 2004; Amador and Görres, 2005) . This should be due to several mechanisms: microbial activity is stimulated in earthworm fresh casts Brown et al., 2000; Chaoui et al., 2003) , earthworms mix and fragment the organic matter particles they ingest without assimilitaing it , and earthworms assimilate and excrete a part of the nitrogen of the organic matter they ingest (Whalen et al., 2000) .
Although the influence of biochar on nitrogen transformation processes in soil is complicated (Singh et al., 2010) , biochar globally increased mineral nitrogen concentration in our experiment. This could be due to the fact that biochar increases the CEC and thus increases the retention of cations such as ammonium (Lehmann et al., 2003a,b) . The positive effect of biochar on nitrate concentration could be achieved through a retention of water by biochar particles (Glaser et al., 2002) . However, biochar did not increase the concentration of nitrate in the fertilization treatment. This could be due to a saturation of the soil by the nitrate coming from the quick mineralization of urea and the subsequent nitrification. Finally, earthworms and biochar alone increased mineral nitrogen concentration in the poor soil but the combination of the two did not increase futher this concentration contrary to what was Table 3 ANOVA table of F values for the effects of biochar (B) and earthworms (E) and their interaction on Total root length, Mean root diameter, Shoot root radio, Root ramification, Mean grain weight and Grain number. The last line gives the significant LS mean differences between treatment combinations. One model has been analysed for each soil: R, rich soil; P, poor soil; P þ F, poor soil þ fertilizer. Total df ¼ 19. *; **; *** p < 0.05, p < 0.01, p < 0.001, NS not significant. Table 4 ANOVA table of F values for the effects of biochar (B) and earthworms (E) and their interaction on Grain C/N, Root C/N, Leaf C/N and Total N content. The last line gives the significant LS mean differences between treatment combinations. One model has been analysed for each soil: R, rich soil; P, poor soil; P þ F, poor soil þ fertilizer. Total df ¼ 15 for all models but for the Grain C/N in the P soil where the low grain biomasses did not allow for enough C/N measurements, and the model was not run. *; **; *** p < 0.05, p < 0.01, p < 0.001, NS not significant. observed in the rich soil. It is not possible to conclude on the underlying mechanism but interactions between earthworms and biochar are possible, for example due to their respective effects on microbial biomass and the consecutive nutrient immobilization by microorganisms.
Contrasted effects of biochar and earthworms in the three soil treatments
Brown et al. (2004a) has remarked that the response of plants to earthworms should depend on the type of soil and it is generally assumed that positive effects of earthworms on plant growth are more likely in poor soils than in rich soils (Doube et al., 1997; Brown et al., 2004b) . The rationale behind this hypothesis is that earthworms mostly affect plants because they increase the mineralization of soil organic matter. Hence, if a soil is naturally rich in mineral nutrients or if it is fertilized, earthworm effect should be diluted and could disappear (Blouin et al., 2006) . In our case, earthworms increased the total biomass in the poor and rich soils but did not have this effect when the poor soil was fertilized. This effect of fertilization supports the above-mentioned hypothesis and suggests that P. corethrurus first increased rice total biomass through an increased mineralization. Although earthworms also increased the soil content in ammonium and nitrate in the fertilization treatment, the impact of this increase was somehow diluted by fertilization.
Rice response to biochar depended on soil type. The positive effect of biochar on the total biomass observed in the rich soil was not seen in the poor soil with or without fertilizer. Using the same rationale than for earthworms (see above), this suggests that biochar mostly affected rice growth because of its positive effect on nutrient retention and availability. That biochar clearly increased the availability of mineral nitrogen in the two soils but not in the fertilization treatment supports further this rational. The absence of biochar effect in the P soil is more difficult to explain. Indeed, field experiments showed that the same biochar treatment in the same soil has a positive effect on maize grown in the field (þ140%, Major et al., 2009 unpublished results of the field experiment from which our soil, with or without biochar, has been extracted). Moreover, (1) the concentration of biochar was higher in the P than in the R soil, (2) the CEC of the biochar used in the P soil was higher than in the R soil, and (3) biochar increased soil content in nitrate and ammonium in the P soil (see above). A possible explanation would be that P soil being intrinsically poorer in mineral nutrients than the R soil, biochar effects is lower in the P soils because there are less nutrient to immobilize.
Lack of interaction between biochar and earthworms
There are few significant interacting effects between biochar and earthworms on plant traits and, when there is a significant interaction, it generally has a small effect relatively to earthworm and biochar simple effects. This suggests that the mechanisms through which earthworms and biochar increased rice growth did not interact strongly. This is especially meaningful, in the R soil where there was a positive biochar and earthworm effect for most plant traits measured. In this soil, earthworm effect is supposed to be due to an increase in mineralization and biochar effect is supposed to be due to a decrease in leaching (see above). These two mechanisms could act in synergy, the first providing more mineral nutrient to the soil, the second helping to maintain them in the soil. That such a synergy was not observed in our experiment could be explained by the short duration of the experiment. Indeed, in the field, earthworms could build up the stock of nutrients immobilized in biochar year after year, which cannot occur in our short-term experiment. Moreover, on the long term, earthworms could also influence nutrient retention which could interact further with biochar, either positively or negatively (Subler et al., 1997; Domínguez et al., 2004; Sheehan et al., 2006; Barot et al., 2007) . Mean values are displayed together with standard deviations. R, rich soil; P, poor soil; P þ F, poor soil þ fertilizer. EB, earthworm and biochar; E, earthworm; B, Biochar; C, control. Significant differences between means are marked by different letters (least square means).
Effects on roots
Earthworms increased root biomass in the poor soil, as already reported in other earthworm experiments implemented in nutrient poor soils (Welke and Parkinson, 2003; . Three types of explanation can be proposed. They are respectively based on earthworm impact on minerlaization, the release of phytohormones, and soil porosity. Besides, more than one of these mechanisms could be involved. First, it is usually assumed that earthworms foster mineralization and thus the availability of mineral nutrient, as was found in our experiment. Plant would then increase their root biomass to take advantage of this increased resource availability (Wurst et al., 2004) . It is more surprising that P. corethrurus also increased root biomass in the rich soil and in the fertilized poor soil. This could be due to the fact that earthworms increased the availability of mineral nitrogen in these two soil treatments, while the subsequent nutrient availability might not have reached the threshold above which root biomass no longer respond to nutrient availability. Alternatively this could be due to the fact that plant investment to their root system depends both on the global availability of mineral nutrients and on their local distribution in the soil (Ingestad and Agren, 1991; Bell and Sultan, 1999; Farrar et al., 2003) . Here, fertilization globally increased nutrient availability but earthworm activities are likely to increase locally the availability of mineral nutrients, in their casts (Lavelle and Martin, 1992; Lavelle et al., 1999; Jimenez and Decaens, 2004; Mariani et al., 2007; Tapia-Coral et al., 2006) . This could in turn stimulate locally the root production (Fitter, 1976; which could increase the total root biomass in spite of the globally high nutrient availability. Second, earthworms are known to trigger the release of molecules recognized as phytohormones by plants (Muscolo et al., 1999) . In particular, they have been shown to trigger the release of auxin-like molecules that increase root biomass (Pasqualeto Canellas et al., 2002) . This could explain the maintenance of an increase in root biomass in the rich soil and with fertilization. Besides, it cannot be excluded that these two mechanisms are not also involved in the observed increase in root biomass in the presence of earthworms in the two unfertilized soil treatments. Third, another explanation is possible for the increase in root biomass whatever the soil treatment: earthworms are known to increase soil porosity through bioturbation and this could have allowed rice to grow more roots through the facilitation of root penetration in the soil.
Biochar is known to modify soil physicochemical parameters (Glaser et al., 2002; Lehmann et al., 2003a,b) , which is likely to affect root biomass and architecture but has so far never been described. In all our soil treatments, and contrary to earthworms, biochar did not lead to an increase in root biomass. This could be due to the fact that biochar effect on the availability of mineral nitrogen is less clear than earthworm effect (no effect on ammonium in the rich soil, no effect on nitrate in the fertilization treatment). However, in the poor soil, earthworm and biochar effects on the availability of nitrate and ammonium are of the same magnitude (þ145%). Since, in this soil, earthworms but not biochar increased root biomass this suggests that nutrient availability is not the only mechanisms involved, as suggested above. Again, this suggests that either the release of phytohormones or an increase in soil porosity are involved in earthworm impact on root biomass.
The increase in the total root biomass in the presence of earhtworms, in the three soil treatments, manifested itself in the three variables measured to describe root architecture. Taken together, root biomass increased in all possible ways in presence of earthworms: total root length, mean root diameter and the number of root ramifications increased in presence of earthworms. Once again, biochar increased mineral nitrogen availability but did not lead to the same effect on roots as earthworms. As for the total root biomass, these results support the hypothesis that other factors than nutrient mineralization and availability are involved in earthworm effect on root system. This is also confirmed by the fact that (1) root ramification had the same general level in the three soil treatments, while nutrient availability clearly decreased from the fertilization treatment to the poor soil treatment treatment), (2) root ramification reacted to earthworms that led to smaller changes in mineral nitrogen availability.
In our study, earthworm and biochar effects on shoot/root ratio strongly varied with soil type: no effect in the poor soil, increase in the ratio with biochar in the rich soil, decrease in the ratio with earthworm in the fertilization treatment. These effects cannot be directly predicted from effects on the total root biomass: i.e. they result from the interaction between earthworm and biochar effects on the total biomass production and on resource allocation. Shoot/ root ratio is generaly though to be primarily determined by the availability of mineral nutrients (Wilson, 1988) , which has been affected both by earthworms and biochar. However, the shoot/root pattern we observed is not well correlated with earthworm and biochar effects on mineral nitrogen availability. Taken together, these results on the shoot/root ratio and root system architecture suggest that biochar and earthworms have also directly modified resource allocation independently of their effect on mineralization and nutrient retention. This points again at earthworm effect on plant growth through the release of hormone-like molecules, which is known to influence the shoot/root ratio (Wilson, 1988; Atiyeh et al., 2002) . Alternatively, earthworm effect on soil porosity might also have the same type of impact on the root system.
Effects on grain production
For all soil treatments, the total grain biomass and the grain number tended to exhibit the same tendency as the total biomass. However, neither earthworms nor biochar affected significantly the mean grain weight in the rich and poor soils. Besides, earthworms both decreased the mean grain weight and the total grain biomass in the fertilization treatment. This effect is not well correlated with the increase in nutrient availability in presence of earthworms. Indeed, earthworms increased the availability of nitrate (independently of biochar) and increased ammonium availability in the biochar treatment. This is again an effect of earthworms on resource allocation. It is correlated with earthworm positive effect on root biomass: in the fertilization treatment earthworms did no influence the total biomass, increased root biomass, and decreased the total grain biomass. It is not clear why rice should decrease its resource allocation to grain in the presence of earthworms in a fertilized soil, unless it is primarily an effect of an increase in the allocation to the root system.
Effects on rice nitrogen content
Earthworms tended to decrease the C/N of all plant parts, even in the fertilization treatment, while biochar had small and less consistent effects on C/N. This effect parallels earthworm effect on mineral nitrogen availability: as usually acknowledged nutrient concentration in plants increase when nutrient availability increase (Lambers et al., 1988a; Ingestad and Agren, 1992) . Such positive effect of earthworms on plant nutrient concentration have already been observed and attributed to their effect on mineralization (Brown et al., 2000; Araujo et al., 2004) . It must however be marked that earthworm effect on leaf C/N is not proportional to their effect on nutrient availability. For example, in the fertilization treatment, the C/N decreased by 47% and mineral nitrogen availability increased by 12%. Meanwhile, the decrease in the C/N of grains and root was relatively much smaller (about 15%). This suggests that rice resource allocation strategy interacts with earthworm effects: a large proportion of nitrogen made available by earthworms is allocated to leaves where it can enhance photosynthesis (Lambers et al., 1988b,c) .
Both an increase in mineral nitrogen absorption (Lehmann et al., 2003a; Steiner et al., 2007 Steiner et al., , 2008 ) and a decrease in plant C/N have already been observed with the addition of biochar (Lehmann et al., 2003b) . In our experiment, in the R soil, biochar decreased nitrogen concentration (increased the C/N) in rice, whereas biochar increased both ammonium and nitrate concentration in this soil. Again, effects of treatments on rice did not perfectly parallel their effect on mineral nitrogen availability and biochar and earthworm effects are different. In this case, an explanation could be that earthworms but not biochar increased root biomass in the rich soil, so that earthworms both directly increase nutrient availability and rice capacity to absorb nutrients. This emphasizes again the importance of earthworm effects on plant resource allocation. The decrease in rice C/N in presence of biochar could be due to the fact that mineral nutrients maintained in the soil by biochar might not be perceived in the same way by plants as nutrients released by earthworms. For example, cations adsorbed on biochar might be poorly available to plants and thus could lead to an increase in root biomass (Lambers et al., 1988a; Wilson, 1988) .
Conclusion
We found that earthworm and biochar effects highly depend on soil type and we found few evidences of positive interaction between earthworms and biochar. Hence, the combination of the two practices could be advised because they have positive additive effects but does not increase further crop production. Due to the fact that our experiment is a short-term microcosm experiment, it cannot however be excluded that earthworms and biochar could interact synergistically on the long term to increase the availability of mineral nutrients and crop production. Indeed, earthworms increase mineralization, and biochar is likely to increase nutrient retention, so that the two mechanisms could lead to the building up of a much larger nutrient stock (Barot et al., 2007; Boudsocq et al., 2009) . It is possible that a part of the biochar effect in our experiment is due to such a mechanism triggered by the presence of earthworms in the field experiments from which we collected our soil.
The potential benefits of earthworms and biochar highly depend on soil type and on fertilization, which suggests that the use of biochar and earthworms should be more beneficial is some soil types than in other. It has already been recognized that earthworm effects depend on soil type (Brown et al., 2004a) and that the magnitude of earthworm effects does not necessarily decrease with soil fertility (Laossi et al., 2010) . As far as we know, while biochar has been said to be beneficial in most tropical soils because they tend to be deprived of nutrients by an intense lixiviation (Lehmann et al., 2003c; Glaser and Woods, 2004; Asai et al., 2009 ), our experiment is the first one to attempt determining in which soil types biochar should be used. However, as for earthworms, it would be precocious, without further experiments, to predict which soil characteristics determine soil responsiveness to biochar in term of fertility and crop production. Indeed, in our experiment, the "poor" and "rich" soils differed by many other characteristics than their richness in mineral nutrients. To conclude on the interaction between biochar, earthworms and soil type, new experiments using soils with various textures, types of clay or content in organic matter are needed. Finally, the fact that both earthworms and biochar effects tended to disappear with mineral fertilization suggests that biochar and earthworms could be more beneficial instead of mineral fertilization than in combination with mineral fertilization. Other studies have suggested that biochar and mineral fertilization could increase fertility synergistically (Lehmann et al., 2003a; Steiner et al., 2007; Steiner et al., 2008) . Our experiment does not support this view but this could again be due to the fact that it was not a long-term field experiment.
